ABSTRACT. We compared the relative resistance and soluble variant surface glycoprotein (VSG)-specific responses in (C57BL/6  BALB/ c)-F1 (B6B-F1) and C3H mice during infection with Trypanosoma brucei brucei, the hemoprotozoan parasite causing a debilitating disease in man and livestock. We demonstrated that C3H mice are relatively more trypanosusceptible, as evidenced by their reduced ability to control parasitemia and shorter survival time, than B6B-F1 mice. Quantitative differences in the pattern of cytokine and antibody (Ab) production were observed between the 2 mouse strains following infection with T. b. brucei. Thus, although both mouse strains recorded detectable levels of IFN-, TNF-, NO and IL-10 in plasma and lymph nodes, as well as plasma IgM, IgG1, IgG2a, IgG2b and IgG3 Abs against VSG, the susceptible C3H mice only exhibited trace levels of Abs of all isotypes and yet produced elevated levels of IFN-, TNF- and NO, compared to the relatively trypanotolerant B6B-F1 mice. In aggregate, these data strongly suggest that trypanosomeinfected C3H mice have an immunological defect, manifested not only by suppression at the B cell clonal level, but also at the level of protective T cell and macrophage phenotypes.
Recent studies suggest that during infection with African trypanosomes such as Trypanosoma brucei species that afflict both man and animals, resistant and susceptible animals differentially produce cytokines including interferon gamma (IFN-), tumor necrosis factor (TNF)-, interleukin (IL)-4, IL-10 and IL-12 [2, 3, 19] . Th1 cytokines such as IFN- have been linked with resistance to T. b. rhodesiense in mice [3] . However, Uzonna et al. [19, 20] correlated this cytokine with susceptibility to T. congolense infection while TNF- and IL-12 were associated with resistance. Yet other studies have linked IFN- and TNF- via macrophage hyperactivation and nitric oxide (NO) production [15, 16] , as well as IL-10 via immunodepression [21] , with the pathogenesis of African trypanosomosis. Type-2 cytokines such as IL-4 and IL-10 have also been linked with resistance during African trypanosomosis [9, 16] . However, Hertz et al. [3] showed that IL-4 was not involved in protection or susceptibility to T. b. rhodesiense infection.
Because inbred mouse strains differ markedly in their relative susceptibility to infection with African trypanosomes [19] and since similar differences in trypanosusceptibility occur among the various cattle breeds in sub-Saharan Africa [18] , it is of practical importance to identify the mechanisms underlying this phenomenon. We previously reported that F1 cross between C57BL/6 and BALB/c (B6B-F1) mice tend to exhibit a more resistant phenotype to trypanosome infections than their parental C57BL/6 and BALB/c mouse strains [9] . In contrast to B6B-F1, C3H mice are among the most trypanosusceptible mouse strains [8] . To gain insights into the mechanisms underlying tolerance to African trypanosomosis, we evaluated the VSG-specific cytokine and Ab secretion in the relatively resistant B6B-F1 mice and the susceptible C3H mice upon infection with T. b. brucei. We show that quantitative differences in both Ab and cytokine production do exists between the two mouse strains during T. b. brucei infection. The possible mechanisms of resistance and susceptibility are discussed.
MATERIALS AND METHODS

Animals and parasites:
Eight-weeks old female (C57BL/ 6  BALB/c)-F1 (B6B-F1) or C3H/HeN (C3H) (Harlon, The Netherlands) were inoculated intraperitoneally (ip) with 2 10 3 AnTat 1 T. b. brucei. Parasitemia was monitored by tail blood puncture every 2-4 days using a hemocytometer. All animal experiments were conducted in accordance with the Standards relating to the Care and Management of Experimental Animals of Free University of Brussels (VUB, Brussels, Belgium).
Experimental design: At different times post-infection (pi), cytokine, antibody and NO levels were analyzed in 5 infected mice. For each parameter, results were expressed as the mean response of the 5 infected animals tested individually ( SE) and compared to the same parameters assessed in 5 uninfected mice. Results are representative of at least 5 similar experiments performed. Statistical analyses were assessed using a PRISM computer program (GraphPad) to validate the data. P-values of <0.05 were considered statistically significant.
Plasma collection and cell preparation: During early (2 weeks pi) and late (4 weeks pi) stages of infection, blood collected by heart puncture on 20 units/ml heparin (Sigma, St. Louis, MS) was centrifuged (10, 000  g, 10 min) and the plasma stored at -80C until analysis. Mesenteric and peripheral (axial and inguinal) lymph node single-cell suspensions (LNC) were prepared as described [1] .
Cell cultures for soluble cytokine quantification: During early and late stages of infection, 4  10 5 LNC from infected C3H (C3H-LNCi) or B6B-F1 (B6B-F1-LNCi) mice were cultured with or without 50 g/ml soluble AnTat 1 VSG prepared as described [8] . The single lot preparation of VSG was used throughout the study. Lipopolysaccharide contamination of VSG was below the detection limit of the Kinetic-QCL LAL test (Bio-Whittaker Europe, Verviers, Belgium). LNC from uninfected mice (LNCn) were used as controls. Cultures were incubated at 37C in a humidified atmosphere containing 5% CO 2 and culture supernatants collected after 72 hr and frozen at -20C until analysis.
Quantification of cytokines: Cytokines were quantified in the plasma or cell culture supernatants using cytokine-specific sandwich ELISA. The reagents were purchased from PharMingen Europe, Erembodegem-Aalst, Belgium (IFN-, IL-10) or R&D Systems, Abingdon, UK (TNF-) and ELISA assays performed following the manufacture's suggested protocols.
Determination of antibody isotypes: Plasma from infected (day 10 pi) and uninfected mice were tested in antibody isotype-specific ELISAs for VSG reactivity. Briefly, ELISA plates were coated with AnTat 1 VSG (5 g/ml) at 4C overnight. Plates were washed (0.01% tween 20 in PBS), blocked with 10% bovine fetal calf serum in PBS (1 hr, 37C) and washed again. Plasma samples (diluted 100  in PBS containing 2% bovine fetal calf serum) were added to the plates (1 hr, 37C) followed by another wash. Horseradish peroxidase conjugated rat-anti-mouse isotype-specific antibodies (Southern Biotechnology, Birmingham, AL) were added (1 hr, 37C). After washing, the assay was developed by adding 3,3',5,5'-tetramethylbenzidine (Sigma). For each sample, the optical density (OD, 490 nm) determined on bovine albumin-coated plates was subtracted from the OD values obtained on VSG-coated plates.
Plasma NO measurement: To determine plasma NO levels, nitrate was stoichemetrically reduced to nitrite by incubating 100 l of plasma sample for 1 hr at 37C in presence of 0.1 U/ml of Aspergillus nitrite reductase (NAD[P]H, EC 1.6.6.2; Sigma); 120 M reduced nicotinamide adenine dinucleotide phosphate (NADPH) and 5 M flavine adenine dinucleotide (FAD). Subsequently, excess NADPH was oxidized with 10 U/ml L-lactic dehydrogenase (EC 1.1.1.27; type XI, from rabbit muscle; Sigma) and 10 mM sodium pyruvate (Sigma) for 30 minutes at 37C. Nitrite concentration in plasma was assayed by a standard Griess reaction [6] .
RESULTS
C3H mice are more susceptible to T. b. brucei infection than B6B-F1 mice:
The course of T. b. brucei infection was evaluated in B6B-F1 and C3H mice. Although both mouse strains had similar prepatent periods, C3H mice appeared more susceptible to T. b. brucei infection as evidenced by their significantly higher first parasitemic peak than their B6B-F1 counterparts (p<0.01, Table 1 , Fig. 1 ). Furthermore, despite managing to significantly reduce the first peak of parasitemia, T. b. brucei-infected C3H mice failed to control the second peak of parasitemia and died after about 25 days pi, with massive parasitosis. In contrast, T. b. bruceiinfected B6B-F1 mice exhibited comparatively shorter time to first remission (p<0.001), stronger ability to control parasite proliferation and increased survival rate (p<0.05). than infected B6B-F1 mice: We next quantified the cytokine levels in LNC culture supernatants following stimulation with VSG. There was no detectable cytokine in VSG-stimulated LNCn ( Fig. 2A-C) . Following infection of both mouse strains with T. b. brucei, VSG-stimulated LNC mostly secreted IFN- and TNF-, with only marginal levels of IL-10 mainly detected during late stage of infection. However, levels of TNF- in C3H-LNCi culture supernatants were markedly higher than those of B6B-F1-LNCi throughout the entire course of infection. Furthermore, during early stage of infection, C3H-LNCi produced significantly higher amounts of IFN- than B6B-F1-LNCi (p<0.05) although IFN- levels declined to nearly basal levels in both cases during late stage of infection. Thus, as illustrated in figure 2D , C3H-LNCi cultures exhibited a significantly higher net type-1-skewed cytokine response, characterized by higher IFN-/IL-10 ratio, than B6B-F1-LNCi cultures (p<0.05).
T. b. brucei-infected C3H mice produce higher levels of VSG-specific IFN- and TNF- in lymph node cell cultures
Plasma levels of IFN-, TNF- and NO are higher in T. b. brucei-infected C3H mice than infected B6B-F1 mice:
Levels of TNF-, IFN- and IL-10 in plasma from T. b. brucei-infected B6B-F1 and C3H mice were evaluated. There were hardly any detectable plasma cytokine levels from uninfected B6B-F1 or C3H mice (Fig. 3A-C) . Although levels of TNF- were low and comparable in plasma from both mouse strains during early stage of infection, C3H mice recorded higher plasma TNF- levels than B6B-F1 mice during late stage of infection (p<0.05). Furthermore, plasma levels of IFN- were significantly higher in C3H than B6B-F1 mice throughout the infection, although the absolute levels declined during late stages of infection. As in LNCi cultures above, IFN-/IL-10 ratio was higher in the plasma of C3H mice than that in B6B-F1 mice during the course of infection (Fig.3D) . Levels of NO in plasma from infected C3H and B6B-F1 mice were next analyzed by measuring nitrite accumulations. Plasma from uninfected B6B-F1 or C3H mice exhibited marginal levels of NO (~110 M, Fig. 3E ). In both mouse strains, infection with T. b. brucei induced increased plasma NO as compared to levels in uninfected animals. However, plasma levels of NO were significantly higher in C3H than in B6B-F1 mice throughout the infection (p<0.05).
T. b. brucei-infected C3H mice have lower plasma levels of VSG-specific antibody isotypes than infected B6B-F1
mice: Levels of Abs against AnTat 1 VSG were measured in the plasma of infected (day 10 pi) B6B-F1 and C3H mice. Detectable levels of IgM, IgG1, IgG2a, IgG2b and IgG3 Ab isotypes were recorded in both mouse strains (Fig. 4) . However, plasma levels of all antibody isotypes recorded were significantly lower in T. b. brucei-infected C3H mice compared to B6B-F1 mice (p<0.05).
DISCUSSION
Considering the lack of an effective anti-trypanosome vaccine due to antigenic variation and the socio-economical implications of African trypanosomosis in sub-Saharan Africa, there is urgent need for an efficient control of the disease to serve the millions of people and livestock at risk of contracting trypanosomosis. Consequently, research is now focused on identifying parasite and/or host molecules involved in either control or progression of trypanosomosis. The identification of immune mechanisms involved in parasite and disease control, or conversely those responses that are associated with poor clinical outcome, should facilitate the search for vaccine candidates and subsequent vaccine design strategies against African trypanosomosis [17] . Such studies require animal models that differ sufficiently in their response to trypanosome infection. The present study demonstrated that B6B-F1 and C3H mice differ in their relative resistance to T. b. brucei infection. Indeed, whilst C3H mice exhibited reduced ability to control parasite proliferation in circulation and died within 25 days pi, B6B-F1 mice effectively controlled their parasitemia and survived significantly longer. Furthermore, C3H mice had higher and earlier parasite densities in the peritoneal cavity, spleen and lymph node compartments than their B6B-F1 counterparts [author's unpublished observations]. In aggregate, these observations indicate that C3H mice are more trypanosusceptible than B6B-F1 mice. Furthermore, in agreement with our previous report [9] , it was interesting to note that although trypanosomes were seen in circulation, peritoneal cavity and spleen a few days after infection, the appearance of parasites in the lymph node compartment in both cases coincided with death of mice within a few days, suggesting that the latter compartment could be critical for protection against T. b. brucei infection.
We next compared the immune responses in the plasma and lymph node compartments of the two mouse models that differ in their susceptibility to T. b. brucei infection. Quantitative differences in the pattern of cytokine and Ab production were recorded between the two mouse strains. In agreement with Newson et al. [13] , the relatively susceptible C3H mice exhibited profound suppression in their capacity to produce parasite-antigen-specific Abs of all isotypes. In contrast, B6B-F1 mice that exhibited relative trypanotolerance had significantly higher levels of VSGspecific plasma Abs. These observations support and further highlight the protective role of parasite-antigen-specific Abs during trypanosomosis [5, 7, 12] . Recent studies suggest that Abs of the IgG class, particularly IgG1 and IgG2a, are more closely correlated with trypanotolerance than IgM [2, 7, 9, 19] . Such parasite-specific IgG Abs may be crucial in mediating parasite clearance and possibly in the neutralization of potentially pathogenic parasite molecules. On the other hand, increased IgM has been implicated in enhanced trypanosusceptibility in mice [19] and cattle [18] . In trypanosusceptible animals, most of the IgM produced is polyspecific and of low specificity [17] . Such polyspecific Abs may mediate disease progression through induction of host tissue damage including erythrophagocytosis, contributing to anemia development [17, 18] . Based on that, it is tempting to speculate that Abs of the IgG class, but not IgM, could be involved in the resistance phenotype exhibited by B6B-F1 mice in the present study.
Following stimulation with VSG, C3H-LNCi secreted higher proinflammatory mediators/effectors (IFN-, TNF-) than their B6B-F1 counterparts. Moreover, C3H mice exhibited higher circulating levels of IFN-, TNF- and NO during the course of infection. Interestingly, in both compartments, IL-10 was mainly produced during the late phase of the disease, with the relatively resistant B6B-F1 mice secreting comparatively higher levels. Cumulatively, evidence from the present study and other reports [2, 3, 11] strongly suggests that pro-inflammatory responses are protective mainly against the early phase of murine African trypanosomosis. Indeed, there is large body of evidence suggesting that (i) relative resistance to African trypanosomosis is associated with a Th1 cell response to parasite antigens [14] , (ii) IFN- is linked with host resistance [3] , and that (iii) TNF- and NO further contribute to trypanotolerance through direct trypanotoxic mechanisms [4, 7] . This study further suggests that the production of various immune molecules during trypanosomosis is under tight control. Thus, there seems to be a certain range within which pro-inflammatory and associated molecules are protective, above which they become harmful to the host, possibly through host-tissue damage [11, 15] , and below which they fail to induce an effective parasite control, leading to massive parasitosis [3, 11] . Of note, the IFN-/IL-10 balance appears to be critical [11] . Thus, during African trypanosomosis, hypersecretion of IFN-, with a concomitant suppression of IL-10, results in profound increase in the IFN-/IL-10 ratio, macrophage hyperactivation with excessive TNF-and NO production and a susceptible phenotype [10] . In agreement with previous reports [11, 15, 16] , IL-10 could play an important role in trypanotolerance by means of checking the levels of IFN- production during the course of infection.
In conclusion, the differential susceptibility to T. b. brucei by C3H and B6B-F1 mice may provide a practical model for studying mechanisms underlying resistance and/or susceptibility during African trypanosomosis. The enhanced susceptibility of C3H mice to T. b. brucei may be attributed to their inherent hyperproduction of proinflammatory effectors/mediators with a concomitant reduced ability to mount a strong Ab response against parasite-specific antigens. Further studies should be directed at characterizing more extensively the innate and adaptive immune responses in the two mouse models following infection with African trypanosomes.
